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Abstract
A modified Moreland anomaloscope was used to examine two subjects, one with dense macular pigment, the other with
relatively light pigmentation. Chromatic visual evoked potentials (VEPs) were elicited from these two subjects using coarse,
isoluminant gratings of different sizes. Colour-specificity was verified by comparing chromatic onset VEPs (reflecting sustained
activity) with chromatic reversal VEPs (reflecting mainly transient activity) and also by Fourier analysis (colour-specific responses
are dominated by the fundamental, transient activity by the second harmonic). Achromatic (transient-type) intrusions, produced
by large blue-green gratings could be related to the extent of subject-specific macular pigmentation. © 1998 Elsevier Science Ltd.
All rights reserved.
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1. Introduction
Selective colour stimulation of human colour-oppo-
nent mechanisms, characterised by sustained-type activ-
ity along the red:green (R:G) or S-cone-specific axes,
can be confounded by a number of physical and physi-
ological factors. Specific stimulation of primate parvo-
cellular R:G opponent neurones (e.g. [1]) is complicated
by a transient-type magnocellular response to R:G
isoluminant borders [2] and the effects of retinal inho-
mogeneities on spectral sensitivity [3].
Isolation of S-cone-specific and blue:yellow (B:Y)
responses is additionally complicated by the effects of
chromatic aberration [4], age-related lens-yellowing [5]
and macular pigmentation which can vary greatly
among normal subjects [6,7]. The consequences of
carotenoid macular pigment on colour matching and
other clinical colour-vision tests is well-recognised [8–
10]. This study attempts to demonstrate the effects of
chromatic aberration and macular pigmentation on vi-
sual evoked potentials (VEPs) by comparing responses
from two subjects with markedly different pigmentation
profiles.
2. Methods
2.1. Macular pigment assessment
A modified Moreland anomaloscope was used to
generate central and annular grating segments at eccen-
tricities of between 0.7 and 7°. Alternate bars of the
grating were produced using narrow-band interference
filters (3-cavity, half-height bandwidth 10 nm) with
centre wavelengths at 460 nm (maximum pigment ab-
sorption) and 580 nm (zero pigment absorption). An
additional filter (450 nm) was added to both elements
to further saturate the S-cones. The grating (spatial
frequency 0.3 cycles:degree) was moved horizontally at
a temporal frequency of 14 Hz. Using the minimum
motion paradigm [11] the radiance of the 580 nm
stimulus was adjusted to minimise the perceived mo-
tion. Measurements were made 5 times for each eye and
for each stimulus eccentricity. It was assumed that
macular pigment absorbance is zero between 5 and 7°
eccentricity. Relative absorbance was computed from
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log (Rref:R), where Rref is the mean of the radiance
settings for the 5, 6 and 7° locations for each eye and R
is the radiance setting at any location.
2.2. Recording 6isual e6oked potentials
Square-wave gratings, generated on a colour moni-
tor, were modulated along the blue:green (B:G), R:G
or S-cone-specific (‘tritanopic’) colour axes. Isolumi-
nance was determined for each axis and each subject
using heterochromatic flicker photometry (1° stimulus).
Green:purple (G:P) ‘tritanopic’ stimuli were obtained
for each subject according to a minimum distinct bor-
der criterion [12]. Colour contrast was defined as the
equivalent Michelson contrast produced by each com-
ponent of the coloured grating. B:G stimuli fully
utilised the green and the blue phosphor characteristics,
which are well placed to exploit maximum macular
pigment absorbance (peak output at 455 and 540 nm,
respectively). Circular grating stimuli subtending be-
tween 2 and 9° were used to elicit the binocular re-
sponses. Occipital electrodes (Oz and the Inion) were
referred to a linked-ear reference and VEPs were
recorded using a Medelec ‘Sensor’ signal averager (am-
plifier bandwidth 0.3–30 Hz). For the time domain
analysis, stimuli were presented at 2 Hz, allowing
scrutiny of the individual response components. For
frequency–domain analysis, most efficient for steady-
state recordings, a higher (6.25 Hz) stimulus repetition
rate was used; achromatic intrusions are readily re-
vealed at this rate.
2.3. Criteria for colour selecti6ity
The onset, offset and phase reversal of coarse, achro-
matic gratings all produce similar VEPs [13] and a
strong percept of apparent motion consistent with the
predominant activity of the transient response mecha-
nisms [14]. This reflects the activity of the most sensitive
achromatic V1 neurones which have strongly transient
properties [15]. Conversely, the onset of coarse, isolumi-
nant, chromatic gratings elicits VEPs which are larger
and of opposite polarity to chromatic reversal VEPs
[16]. Such differences reflect colour- specific, sustained
responses which depend on the standing level of con-
trast [17].
Harmonic components of the VEPs can be used to
identify the relative contributions of sustained and tran-
sient mechanisms [18]. Optimal chromatic-specific re-
sponses are dominated by sustained activity which is
concentrated at the fundamental (1st harmonic) fre-
quency with a smaller response to stimulus offset. Tran-
sient mechanisms respond to both phases of
onset–offset stimulation producing a greater contribu-
tion of even harmonics. These transient mechanisms
also respond to phase reversal stimulation (at twice the
fundamental: 1 Hz2 reversals). Conversely, colour-
specific mechanisms respond to chromatic reversal stim-
ulation in a residual manner, reflecting the transient
components of predominantly sustained responses ([19]:
Figs. 8 and 9).
3. Results
3.1. Macular pigmentation
The two subjects selected for VEP testing were male
and female corrected myopes with normal colour vision
(Farnsworth 100-hue test) and similar ages (32 and 26
years, respectively). Relative pigment absorbance (opti-
cal density) in the central 1° was up to 3.5 times greater
in subject 1 than in subject 2. Relative absorbance fell
to zero at 3 to 4° eccentricity (Fig. 1).
3.2. Time–domain analysis of VEPs
All sizes of R:G stimuli generated colour-specific
R:G onset VEPs (of opposite polarity to the corre-
sponding reversal responses) from both subjects (Fig.
2). Inter-subject differences in response-purity occurred
following B:G stimulation. For subject 1 (denser pig-
ment) the onset of a 5° B:G grating elicits a large
positive component (time to peak 100 ms) which is
similar to the corresponding reversal wave. As the field
size is increased, this component grows in amplitude
and above 6–7.5° practically coincides with the reversal
VEP. This suggests transient (achromatic-like) intru-
sion. For subject 2 (lighter pigment) this component is
smaller for the same sizes of stimuli: the transient
response component to the B:G grating onset becomes
evident only above 6° and at 9° the onset and reversal
VEPs still remain different.
Fig. 1. Macular pigment absorbance for different eccentricities. Bars
represent doubled mean S.E.
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Fig. 2. The effect of grating size on the colour-specificity of chromatic visual evoked potentials. Onset–offset VEPs (solid lines) are compared with
phase reversal responses (broken lines). Change in contrast 0.3, spatial frequency 2 cycles:degree, mean luminance 30 cd:m2, stimulus presentation
rate 2 Hz.
Similarity of Tritan onset and reversal potentials
above 5° for subjects of different pigmentation indicates
the presence of another source of achromatic
contamination.
3.3. Frequency domain analysis
Fig. 3 shows how the relative power spectra changed
with field size. Onset–offset of R:G gratings of all sizes
elicited responses from both subjects which were domi-
nated by the fundamental (first harmonic) frequency,
since the sustained responses to stimulus onset are
larger than to offset. R:G, B:G and Tritan reversal
responses were dominated by the second harmonic.
B:G onset-offset responses to small stimuli were also
similar for both subjects (dominated by the fundamen-
tal), but differences become apparent as the spatial
extent of the stimulus was increased. In subject 1
(denser pigment), stimuli were optimal at 3°, between 4
and 6° the power of the fundamental decreased and the
second harmonic steadily grew, becoming almost equal
at 7.5° and strongly dominant at 9°. In subject 2
(lighter pigment), the fundamental was most dominant
at 5° and remained so at 9° (although the contribution
of the second harmonic rose).
Tritan on-off VEPs show large second harmonic
(transient) components from both subjects even for
relatively small sizes of stimulus. This increased level of
‘transient-type’ contamination presumably reflects a
greater contribution of chromatic aberration, which
affects both subjects and which is greater for G:P
(redblue) pairs of hues than for B:G.
4. Discussion
When two-colour gratings are produced on a conven-
tional t.v. monitor their image on the retina is distorted
by the effects of chromatic aberration, longitudinal and
transverse (which cause light of different wavelengths to
be focused in different planes and be differently mag-
nified); both lead to the introduction of luminance-con-
trast. The effect of magnification increases with
eccentricity. The greater the spread of wavelengths the
larger the achromatic intrusion in this case for G:P
gratings.
In the past we have shown that large stimuli (e.g.
subtending more than 6°) composed of B:Y or subject-
specific tritan-pairs of hues, elicit large VEPs which
reflect mixed achromatic and chromatic activity and we
attributed this achromatic contamination to the effects
of chromatic aberration [20,21]. Additionally, the de-
gree of achromatic contamination was shown to vary
between subjects. The tentative suggestion that this
intrusion could be attributed to inter-subject differences
in macular pigmentation [22] is now demonstrated. The
present study quantifies the pigment complements of
two subjects and relates this to the extent of achromatic
intrusions associated with large B:G stimuli. Compo-
nent hues of the B:G stimulus, based on full utilisation
of the blue and green phosphors, are well placed to
exploit the maximum absorbance of macular pigment
at 460 nm.
Preliminary psychophysical experiments, with stimuli
modulated along an identical B:G axis, support our
proposal that VEPs can reflect the contaminating ef-
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Fig. 3. Harmonic analysis of VEPs. Change in contrast 0.3, spatial frequency 2 cycles:degree, mean luminance 30 cd:m2, stimulus presentation rate
6.25 Hz.
fects of macular pigment on colour-stimuli, even if
subject-specific isoluminance is determined for small
fields. Moreover, Vienot [23] showed the importance of
variability in the optical density of cone photopigments
for eccentricities above 2°, which may further affect the
selectivity of the stimuli. It is, therefore, of utmost
importance that selective stimuli containing short-wave-
length components should be restricted in size, a pre-
caution which limits the above-mentioned sources of
contamination.
5. Conclusion
The size of the grating stimuli containing a short-
wavelength component must be restricted if achromatic
contamination due to chromatic aberration and vari-
able macular pigmentation is to be limited. Specifically
large B:G gratings produce VEPs particularly prone to
contamination due to subject-specific variations in mac-
ular pigmentation and can, therefore, help to evaluate
these effects. R:G VEPs are relatively insensitive to
either effect.
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